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Abstract: 
 Twenty-one novel complexes of copper(II) thiocyanate pyridine were synthesized in 
methanol from the source material Cu(NO3)2•2.5H2O and a diverse series of substituted pyridines 
(XPy). These complexes typically formed according to the formula trans-[Cu(NCS)2(XPy)2], with 
square-planar geometries that exhibited thiocyanate bridging via long Cu–S bonds. The length of 
this long bridging bond appears to loosely correlate to the substitution position of the pyridine 
ligand used, and resulted in square planar molecules forming edge-sharing chain networks of Jahn-
Teller distorted octahedra. Several other structural types were also observed, resulting in part from 
the tendency of some complexes to form methanol solvates. Several species displayed 
polymorphism with known complexes or each other. Methanol-solvate structures include square-
pyramidal monomers and networks of the form trans-[Cu(NCS)2(XPy)2(MeOH)], as well as Jahn-
Teller distorted octrahedral monomers of the form trans-[Cu(NCS)2(XPy)2(MeOH)2]. The ligand 
2-NH2Py produced an unusual network of methoxy-bridge dimers, trans-[Cu(NCS)2(2-
NH2Py)2(µ-OMe)2], that are further linked via bridging thiocyanate to form a sheet structure. 
Furthermore, a mixed-ligand solution of (2-BrPy) and (3-BrPy) formed the surprising complex 
trans-[Cu(NCS)2(2-BrPy)(3-BrPy)]. Bridging complexes, trans-[Cu(NCS)2(LL)], were also 
formed from the ligands LL = 4,4ʹ-bipyridyl (Bpy) and pyrazine (Pyz); in these cases, bridging by 
both the organic and thiocyanate ligands produced sheet networks. 
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Introduction: 
 Copper is a transition metal with high natural abundance whose myriad distinct and useful 
qualities have been observed since antiquity. In modern chemistry, its status as an electron-rich 
and abundant group-11 metal has made it the subject an enormous variety of research and practical 
applications ranging from alloys to semiconductors to solar cells to catalysis. In its non-oxidized, 
pure metallic state, copper(0) is easily recognizable by its brown-gold luster. Metallic copper has 
been mined by human civilizations for millennia and valued for its color, malleability, resistance 
to corrosion, and electrical conductance. In 2015, world copper production exceeded 19 billion 
tons, with most metal going towards production of electronics, roofing and plumbing, and 
industrial machinery.1  
In the world of coordination chemistry, copper is most commonly encountered in its +1 
and +2 oxidation states. Copper(I) is the rarer of the two. It forms compounds that can be colorless 
or range in color from red to yellow, and its filled d10 count gives it a number of unique electronic 
and photophysical properties. However, it is normally less stable than copper(II). Copper(II), 
conversely, is the most common oxidation state of copper, and usually forms stable complexes that 
are normally green or blue in color. The tendency of copper(II) to behave predictably and form 
stable complexes, as well as the practical ease of obtaining and working with copper(II) source 
compounds, makes it an attractive object of study, and it is this oxidation state of copper that was 
the subject of investigation by this work.  
 
Electronic Orbitals and Crystal Field Splitting in Copper(II) 
 The principal factor in describing any metal is the behavior of its valence electrons. 
Copper(II) has an electron configuration of [Ar]3d9. The fact that this configuration is only one 
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electron less than a full, 10-electron 3d subshell is very relevant to the bonding and coordinating 
behavior of copper(II), and makes it strongly favor low-spin geometries in complex with ligands- 
A ligand is simply any ion or molecule that binds to a metal, either by donating a lone pair of 
electrons (L-type) or a single electron (X-type) into the metal center, usually to reach a stable total 
of 18 (or sometimes 16) electrons.2  
The arrangement of electrons around any metallic nucleus is well-described by electronic 
orbitals: volumetric spaces with quantized geometries that represent the probability distribution of 
an electron in three-dimensional space. The outermost occupied electron shell of copper, like all 
transition metals, is the d subshell, which consists of five distinct orbitals whose shapes and 
conventionally-defined orientations are displayed below (Figure 1). Each of these orbitals 
contains up to two electrons, for a total of 10 possible electrons in the d subshell. Copper(II), of 
course, has 9 electrons in its outermost d-orbitals, and in order to reach the favored number of 18 
valence electrons, copper(II) usually bonds to four, five, or six electron-donating ligands, favoring 
square-planar, square pyramid, or octahedral geometries, respectively. 
 
 
Figure 1: 3-D geometries of the five d-orbitals, dyz, dxz, dxy, dx2-y2, and dz2.3  
10 
 
One important concept in describing the arrangement of ligands around a metal center is 
crystal-field splitting: in a perfectly symmetrical, spherical system (as in the case of an unbound 
metal ion), all of the d-orbitals in different orientations about the nucleus are of equal energy. 
However, according to VSEPR theory, ligands will coordinate around a center in orderly, evenly-
spaced geometries: forming, for example, a tetrahedral field with four ligands, octahedral with six, 
and so on.2 The presence of these different ligand fields creates a non-equivalence in the energy 
of the different metal d orbitals, which are now overlapping to a greater or lesser extent with the 
orbitals of the ligands. The destabilization incurred by this overlap is quantified by the crystal field 
splitting energy (Δ) of a complex.2 The energy difference between the subshells in different ligand 
fields is modelled according to Figure 2. In complexes with a low Δ, electrons will evenly fill 
high-energy and low-energy orbitals, hence the term “high-spin”. Conversely, when there is a high 
Δ, electrons will completely fill the low-energy orbitals first, which describes a “low-spin” 
configuration.2 
Figure 2: Common crystal-field splitting of metal d-orbitals.  
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In metal-ligand complexes with octahedral geometries, “stretching” along the axis of the 
octahedron is often observed, either as an elongated octahedron (z-out) or a squashed octahedron 
(z-in). This tendency is called Jahn-Teller (JT) distortion and is the result of unevenly-filled 
degenerate (same-energy) sets of d-orbitals splitting into smaller orbital sets so as remove the 
degeneracy and therefore increase stability.2 In general, when degeneracy occurs in the eg level, 
Z-out distortion is preferred as it reduces the energy of all the orbitals with a z component.2  
 
Figure 3. Z-in and z-out Jahn-Teller distortion in Cu2+. 
 
Copper(II), as a metal with an almost-filled d orbital, will typically have an unpaired 
electron in its eg set of orbitals, and therefore strongly favors Jahn-Teller distortion to remove the 
resultant degeneracy (see Figure 3). Another significant effect of crystal field stabilization energy 
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is that for some metals with high electron counts (d8 or d9), destabilization of the ligand field can 
be concentrated in the dx2-y2 orbital, making this orbital not interact in bonding at all. Geometrically, 
this results in a four-coordinate complex that is a square plane rather than a tetrahedron (see Figure 
2), and is one of the most common geometries exhibited by the complexes discussed in this thesis.   
 
Hard-Soft Lewis Acid-Base Theory (HSAB) 
  A second important concept in describing the behavior of the copper-ligand complexes 
discussed herein is the “Hard-Soft” theory of Lewis Acids and Bases. According to this theory, 
hard Lewis bases are attracted to and form stronger bonds with hard Lewis acids, and soft bases 
are attracted to and form stronger bonds with soft acids. In the Lewis model, an acid is any species 
that is an electron pair acceptor, whilst a base is an electron pair donor. This is a broad model that 
can be applied to interactions between compounds of very different relative electron-donating-or-
accepting capability, and is therefore useful for describing metal-ligand complexes which cover a 
huge range of variability. In the context of metal-ligand chemistry, metal centers usually act as 
Lewis acids, accepting lone pairs of electrons or π bonds from donating ligands.  
 The concept of “hard” and “soft” as it applies to Lewis acids and bases incorporates a 
number of factors that describe bonding environments, including ionic radius, oxidation state, and 
electronegativity. A hard acid or base is classified as having relatively small ionic radius, high 
oxidation state, low polarizability, and high electronegativity. Conversely, soft acids or bases have 
relatively larger radii and polarizability, and low oxidation states and electronegativity. This 
creates an image of hard species as being small and compact with high charge density, and soft 
species as large and diffuse. The difference between “large” and “small” or “high” and “low”, of 
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course, is always relative and highly dependent on the particular chemical environment, but hard-
hard interactions tend to favor ionic bonds, and soft-soft interactions covalent bonds.  
Classifying ionic species in this way is important for predicting and understanding the 
formation of complexes and larger frameworks. A discussion of HSAB theory is especially 
relevant to this work, wherein the bonding properties of Cu2+ and pyridine (species that are 
intermediate between hard and soft) and thiocyanate (which can behave both as a harder species 
at the nitrogen end, or a softer species at the sulfur end), are assessed in detail, and are found to be 
highly consistent with the predictions afforded by HSAB. Indeed, the reactions of these ions are 
often directly illustrative of the principles of HSAB, and have been previously discussed in 
academic literature for their potential in university-level teaching labs.4 
 
Metal-Organic Frameworks 
One of the most active areas of research in inorganic chemistry today is the synthesis and 
study of metal-organic frameworks (MOFs). These complexes are usually well-ordered solid 
networks of metal centers or clusters surrounded by several organic ligands, which may or may 
not bridge to create large-scale formations with elaborate symmetries and any number of useful 
potential properties. An example of some structurally spectacular MOFs and the simple 
components they are constructed from are presented below in Figure 4, taken from a 2009 
overview by Li et al. 5 
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Figure 4: Visual representation of the construction of MOFs.5 
  
The most interesting MOFs, besides having extravagant crystal structures, are usually 
typified by active electronic interactions between ligands and the metal center that may result in 
luminescence and other photoreactive properties,6 and large open volume (or “pores”) within the 
framework that can readily adsorb gasses or solvents.5 This combination of properties gives MOFs 
a range of potential applications including gas storage,5 chemical sensing,7 and molecular 
separation.8 Gas adsorption into the pores of MOFs has especially seen a huge body of research in 
recent years, with MOFs of varying compositions being investigated for applications in the energy 
industry as safe, compact storage for gaseous fuels like H2 or natural gas.
5 
 Constructing MOFs with usable pore structures depends heavily on the choice of ligands. 
It is important to select ligands that, besides being ideally cheap or easily synthesized: coordinate 
strongly and consistently, counterbalance as necessary the positive charge on the metal center 
without obstructing network formation, and contribute to the structure of the lattice instead of 
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occupying potentially useful space in the pores. Thiocyanate, [SCN–], being one such cheap and 
anionic ligand, formed, alongside copper(II), the basis of investigation for the present work. 
 
Thiocyanate Ligands 
 Thiocyanate is a polyatomic anion with the formula [SCN–]. Although it is normally shown 
with a negative charge on the nitrogen atom, the electron represented by the negative charge is 
relatively evenly-distributed through π bonds between the sulfur and nitrogen atoms. This is 
represented in the resonance forms displayed in Figure 5. It takes two thiocyanate anions to form 
a charge-neutral complex with copper(II), as illustrated by the simple salt [Cu(SCN)2], which has 
a black color. 
 
Figure 5: Resonance forms and binding modes of thiocyanate. 
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Moreover, thiocyanate can bond to metal centers as part of the metal-organic lattice itself, 
with a number of potentially useful features: Thiocyanate is an ambidentate ligand when 
coordinated, meaning it can bond through both the nitrogen and/or the sulfur atom. It can thus 
exhibit a variety of different bonding modes, also displayed in Figure 5. When it bonds both 
through the nitrogen and sulfur, thiocyanate acts as a bridging ligand, which makes it an interesting 
option for forming lattices in MOFs. As well, the bonding properties of the nitrogen and sulfur in 
thiocyanate are not perfectly equivalent: thiocyanate is classified as a “non-innocent” ligand due 
to its redox ambiguity, and the nitrogen and sulfur in the anion exhibit slightly different 
properties.10 In HSAB theory, the sulfur, being larger and less electronegative, is a softer electron 
donor than the smaller, more electronegative nitrogen. Thus, when coordinating to metal centers, 
thiocyanate tends to more strongly bond to softer centers, such as Cu+, via sulfur, and to harder 
centers, such as Cu2+, via nitrogen.10 The bond length between Cu and either (or both) the 
thiocyanate N or S is greatly influenced by the environment created by the ancillary ligands 
coordinated to the copper center. In the present study, substituted pyridines were used to create a 
variety of stereoelectronic environments that might influence this copper-thiocyanate structure.  
 
Pyridine Ligands 
 Unsubstituted pyridine, [C5H5N], takes the form of a benzene ring with one of the π-bonded 
-CH groups replaced by a nitrogen atom. The inclusion of this nitrogen is very significant for the 
chemical properties of the molecule: the exposed lone pair of electrons provided by the nitrogen 
atom can readily bind to metal centers as an L-type ligand, and lends the molecule an overall 
weakly basic character. At the same time, pyridine retains the aromatic properties of benzene, and 
has highly delocalized molecular orbitals that can behave as π-acceptors in complex with metals. 
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In this context, excited state metal centers can contribute electron density back into the pyridine 
ligand in a process known as metal-ligand charge transfer (MLCT).2 The electronic transitions 
resulting from MLCT often manifest in complexes of pyridine and its derivatives as bright 
fluorescence. 
Because pyridine is a charge-neutral ligand and can reliably be expected to coordinate via 
its ring-nitrogen, it can be used as a foundation for building a variety of steric environments around 
a metal center by way of attaching substituent groups to the pyridine ring. Furthermore, pyridine 
acts as an intermediately hard Lewis base and readily bonds to copper(II) in most solvent 
environments, which made it an obvious ligand to use in this study. The structures of pyridine 
ligands that were used in this study are displayed in Figure 6. 
 
Figure 6: Pyridine and derivatives used in this study.  
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Figure 6, cont’d. 
 
 
This Project 
 With the general principles and background of its constituent parts in mind, the goal of this 
project was to evaluate the bonding modes and network formation of copper(II) thiocyanate 
complexes in the presence of a sufficiently wide variety of substituted pyridine ligands. The 
syntheses of these complexes in methanol (MeOH) are relatively facile: the reagents used are easily 
dissolved in methanol, and methanol itself is a hard donor, which tends to stabilize Cu2+ in solution. 
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As well, several trans-[Cu(SCN)2(XPy)2] structures already exist in the literature,
11-24 and the 
established tendency of these complexes to readily grow large, stable crystals made an in-depth 
study by way of single-crystal X-ray diffraction highly enticing. 
Thus the primary questions of this project were not synthetic ones, but analytic. How do 
copper(II) and thiocyanate behave structurally over a variety of ligand environments? What 
influence do substituted pyridines have on copper-thiocyanate network formation? Furthermore, 
questions pertaining to solvent coordination and Cu(II) stability arose over the course of the 
project. Overall, the structure of our investigation can be encapsulated by the following seven 
questions: 
1. What would be the favored coordination number of the Cu2+ metal center? 
2. Would the coordination geometry of ligand pairs around the Cu2+ center be consistently cis 
(identical ligands bonding on adjacent sides of the copper center) or trans (identical ligands 
bonding on opposite sides)? 
3. Would thiocyanate favor bonding monodentate to copper along S or N, or would bridging 
linkage be favored? 
4. Would Jahn-Teller (J-T) distortion be consistently observed in our complexes? 
5. Would the tendency of thiocyanate to bridge metal centers consistently result in network 
formation? 
6. What is the potential for MeOH to coordinate as a ligand in these complexes, and what 
influence might it have on complex or network geometry? 
7. Could the relative stability of Cu(II) vs. Cu(I) thiocyanate be assessed in MeOH? 
 Answering these questions required gathering a large amount of structural and chemical 
data for a diverse series of compounds, and involved analytical methods including flame 
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absorption spectroscopy (AAS), infrared spectroscopy (IR), and most importantly, X-ray 
diffraction and crystallography. 
Although these complexes themselves do not presently exhibit practical applications, the 
independent potential of copper(II) and thiocyanate in the context of MOF research and other areas 
of inorganic chemistry should not be understated. Therefore, creating any sort of overview of 
copper(II)-thiocyanate bonding and bridging behavior in the context of an extremely common, 
versatile ligand such as pyridine constitutes an important contribution to the crystallographic 
literature, and we expected to observe relevant steric influences by pyridine substituents on the 
properties of the copper(II)-thiocyanate relationship. The work described herein has been reported 
in the journal Inorganica Chimica Acta.9 
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Experimental: 
Materials 
In this study, twenty new copper thiocyanate pyridine species were prepared from the 
following reagents, all of which were obtained from Acros or Aldrich Chemicals and used as 
received: Solid Cu(NO3)2•2.5H2O and NH4SCN were used as sources for copper and thiocyanate, 
respectively. All substituted pyridine ligands, whether liquid or solid, were used neat. Methanol 
was used as solvent in all reactions, and was used as received. All reactions were carried out under 
air. 
Infrared spectroscopy was performed using a Shimadzu IRTracer-100 with all spectra collected 
in attenuated total reflectance (ATR) mode. Flame atomic absorption spectroscopy (AAS) was 
performed with a Perkin-Elmer 1100B spectrophotometer. CHN analyses were done by Atlantic 
Microlab in Norcross, Georgia. 
 
General Synthesis of [Cu(SCN)2(XPy)2(MeOH)x] Crystals 
In all cases, the procedure for producing trans-[Cu(SCN)2(XPy)2] crystals began with 
dissolving Cu(NO3)2•2.5H2O (0.10 g, 0.43 mmol) in 15 mL of MeOH at 0 °C, to which solution 
solid NH4SCN (0.065 g, 0.86 mmol) was added. Methanol solutions were cooled prior to any 
addition of reagent and kept in 15 x 200mm test tubes submerged in an ice bath. Low temperature 
was found to be necessary to reduce formation of insoluble tan Cu(SCN) via spontaneous reduction 
of the Cu(II) ion.  
Substituted pyridine (XPy) ligand was added to the solution in excess, either as approximately 
3 drops of liquid, or approximately 20mg of solid, forming a blue-to-green solution. Particularly 
insoluble complexes formed suspensions in MeOH, and to avoid excessive disturbance and foster 
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crystal growth, the chilled, capped test tubes were immediately transferred from the ice bath to a 
freezer. Over the course of several hours to several days, homogenous blue or green crystals 
formed on the test tube walls, with various complexes exhibiting crystal habits ranging from long 
needles (3-PhPy, 19) to wide, thin plates (4-AcPy, 13a) to large, dark blocks (2-MePy, 2a).  
When sufficient crystal growth had occurred, the supernatant MeOH solution was decanted 
from the test tube, and the crystals washed with a few mL of diethyl ether. After washing the 
crystals, the ether also was decanted off, and, in most cases, the crystals were allowed to dry 
partially on the walls of the test tube before being tapped or scraped out onto weighing paper to 
finish drying under air. For some complexes that formed in great abundance (i.e. 10, 19), samples 
were also briefly dried under vacuum before being transferred to a tared vial for yield calculation. 
Complexes that were methanol solvates (2a, 12a, 14, 16) were to a greater or lesser extent 
unstable under air. The method described above was generally sufficient to recover crystals of 12a 
and 16 for use in X-ray analysis, provided they were transferred quickly from the test tube to a 
sealed vial.  
 
Synthesis of Cu(SCN)2(μ-XPy) Crystals 
For complexes of pyrazine (21) and 4,4ʹ-bipyradine (22), crystals were obtained by layering a 
20-30mM methanol solution of Cu(SCN)2, prepared from Cu(NO3)2•2.5H2O and NH4SCN as 
described above, in a crystallizing tube with a methanol solution containing an excess 
concentration of ligand. This procedure formed large green crystals similar to those grown using 
the general procedure. 
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X-ray Crystallography 
Upon successful collection, crystals were mounted on glass fibers. All measurements were 
made using graphite-monochromated CuKα radiation on a Bruker-AXS three-circle 
diffractometer, which was equipped with an Apex II CCD detector. Initial space group 
determination was based on a matrix consisting of 120 frames. The data were reduced using 
SAINT+ 25 and empirical absorption correction was applied by using SADABS.26 
Intrinsic phasing was used to solve structures. Least-squares refinement for all structures was 
carried out on F2, and non-hydrogen atoms were refined anisotropically. Hydrogen atoms were 
placed in riding positions and refined isotropically. Structure solution, refinement, and the 
calculation of derived results were all performed using the SHELXTL package of software27 and 
ShelXle28. Details of the X-ray experiments and crystal data are summarized in Table 4. Table 5 
lists bonds lengths of note, including those between Cu and pyridine N, Cu and thiocyanate N, Cu 
and S, and centroid-centroid distances in the π-stacks of pyridines. 
 
Atomic Absorption Analysis 
Sample stock solutions were prepared for atomic absorption spectroscopy (AAS) by digesting 
10-13 mg of solid complex in about 1 mL of concentrated HNO3 at room temperature. Samples 
were heated to about 50°C until no solid remained, a process which took between 5-30 min.  These 
samples were then diluted to 100mL with water.  For analysis, 1 mL of sample stock solution was 
diluted to 25 mL with water. Copper standards were prepared by diluting a 1000 ppm stock 
solution of Cu(NO3)2 to 500, 1000, 1500, 2000, and 2500 ppb in dilute nitric acid. Absorption 
measurements were made at 324 nm. 
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Results and Discussion: 
Overview 
 The goal of this project was to supplement existing, unrelated reports of copper(II) 
thiocyanate pyridine species11-24 with a systematic structural overview of the series. The syntheses 
proved straightforward and consistently produced large green, blue, or black crystals of excellent 
quality for X-ray analysis, which formed the bulk of the study. X-ray crystallography allowed for 
an in-depth assessment of structural characteristics and network formation as well as determination 
of specific bond lengths and angles between atoms within our series of compounds. In addition, 
infrared spectroscopy (IR) was used to investigate the energetic properties of specific chemical 
bonds of interest. Our synthetic work was supplemented by elemental analysis on each compound, 
consisting of a mass percent determination of Cu, C, H, and N.   
 
Synthesis 
 One of the most practically notable aspects of this study is the ease with which many 
copper(II) thiocyanate pyridine species can be synthesized from methanol. A list of the complexes 
prepared in this study is provided in Table 1. Combining the starting reagents of copper(II) nitrate, 
ammonium thiocyanate, and substituted pyridine in methanol at 0°C forms products according to 
the following reaction: 
Cu(NO3)2 • 2.5 H2O + 2 NH4SCN + 2 XPy + xMeOH  
trans-[Cu(SCN)2(XPy)2(MeOH)x] + 2 NH4NO3 + 2.5 H2O 
 Co-dissolving copper(II) nitrate and ammonium thiocyanate in methanol produced a green-
brown solution of Cu(SCN)2•xMeOH. However, when the reaction was carried out at room 
temperature, an insoluble tan byproduct was observed to form from this solution in small amounts. 
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This byproduct was in fact copper(I) thiocyanate, Cu(SCN), and was produced by the surprising 
reduction of copper(II) to copper(I) from Cu(SCN)2 in solution at room temperature, accompanied 
by the formation of thiocyanogen:4  
Cu(SCN)2  Cu(SCN) + ½ (SCN)2 
Formation of the copper(I) salt and thiocyanogen was promoted by the application of stirring and 
heat. At low temperature, however, these byproducts were not observably formed. 
 After the addition of neat XPy ligand, whether in liquid or solid form, a dark green or blue 
solution was rapidly formed, and with continuous cooling in a freezer most complexes formed 
crystals in good yield (see Table 1) over the course of several hours to several days. Of the many 
pyridine ligands (refer to Figure 6) tested in this procedure, however, some did not result in crystal 
formation. Ligands that produced powder product but no crystals included 2-MeOPy, 2-ClPy, 2-
BrPy, 3-IPy, 3-NH2Py, and 4-PhPy. The ligands 3-HOPy and 4-HOPy did not produce any solid 
under the above conditions, possibly due to the failure of the pyridine to coordinate to copper(II) 
under the conditions used. 
 Complexes that proved to be methanol solvates (2a, 12a, 14, 16a) were to a greater or 
lesser extent unstable under air.  Crystals of compound 14 lost solvent and decayed notably more 
quickly than those of 12a and 16a, and so the step of rinsing with ether was omitted in this case. 
Crystals of 14 were rapidly transferred, still slightly “wet”, to a sealed vial. Compound 2a proved 
especially unstable, and these crystals, though extremely robust in size, decayed rapidly under air, 
rendering them useless for analysis. For this complex, crystals were transferred and stored under 
the mother liquor. In general, methanol solvates produced crystals with more bluish color than the 
non-solvate species, which then transitioned to a dull green color upon losing solvent. The most 
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dramatic example of this behavior were crystals of 2a, which grew very large, glossy blue-black 
blocks that quickly decayed to a pale, dull green upon prolonged exposure to air. 
The ligands pyrazine (Pyz) and 4,4ʹ-bipyridine (Bpy) formed bridging network complexes (22 
and 21, respectively) which precipitated immediately out of methanol solution with Cu(SCN)2. 
Although useful for obtaining a powder product with high yield, the insolubility of these 
complexes made it more difficult to obtain crystals. For these complexes, crystals had to be grown 
by layering a methanolic solution of Cu(SCN)2 with a methanolic solution of ligand in crystallizing 
tubes, and allowing several days for slow crystal growth. This procedure produced large green 
crystals of high quality, comparable to the crystals grown by the other methods described. 
Lastly, the unusual complex trans-[Cu(NCS)2(2-BrPy)(3-BrPy)] (7) is the only complex 
described in this work that was synthesized from a mixture of two different substituted pyridines. 
An attempt to follow the general crystallization procedure using a stock bottle of 2-BrPy grew 
crystals of high-quality. Surprisingly, however, solving the X-ray structure of this sample showed 
half of the bromine atoms substituting at the 3-, rather than the 2-position on the pyridine ligands. 
Gas Chromatography-Mass Spectrometry (GCMS) analysis of the stock 2-BrPy bottle showed 
contamination of around 13% 3-BrPy. Attempts to reproduce this synthesis using intentional 
mixtures of ligands with a higher 3-BrPy content were found to simply form the 3-BrPy-only 
compound 8, and syntheses using purified 2-BrPy failed to produce crystals. 
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Table 1: Synthesis Results. 
 Complex % Yield Reference 
 
1a 
 
trans-[Cu(NCS)2(Py)2]
a 
 
 
74.8 
 
12 
1b trans-[Cu(NCS)2(Py)2]
b 
 
– 11 
2a trans-[Cu(NCS)2(2-MePy)2(MeOH)]
c 
 
66.8 this work 
2b trans-[Cu(NCS)2(2-MePy)2]
a 
 
– 18 
3 trans-[Cu(NCS)2(3-MePy)2] 
 
85.8 this work 
4 trans-[Cu(NCS)2(4-MePy)2] 
 
62.3 this work 
5 trans-[Cu(NCS)2(3-FPy)2] 
 
70.9 this work 
6 trans-[Cu(NCS)2(3-ClPy)2] 
 
74.3 this work 
7 trans-[Cu(NCS)2(2-BrPy)(3-BrPy)] 
 
42.7 this work 
8 trans-[Cu(NCS)2(3-BrPy)2] 
 
53.4 this work 
9 trans-[Cu(NCS)2(4-BrPy)2]
b 
 
– 19, 20 
10 trans-[Cu(NCS)2(3-MeOPy)2] 
 
96.2 this work 
11 trans-[Cu(NCS)2(4-MeOPy)2] 
 
82.4 this work 
12a trans-[Cu(NCS)2(3-AcPy)2(MeOH)2]
c 
 
94.7 this work 
12b trans-[Cu(NCS)2(3-AcPy)2] 
 
– 13 
13a/13b trans-[Cu(NCS)2(4-AcPy)2] 
 
90.4 this work 
14 trans-[Cu(NCS)2(3-NCPy)2(MeOH)2]
 
 
47.3 this work 
15a trans-[Cu(NCS)2(4-NCPy)2]
c 
 
55.1 this work 
15b trans-[Cu(NCS)2(4-NCPy)2]
b 
 
– 15 
16 [Cu2(NCS)2(-OMe)2(2-NH2Py)2] 
 
46.2 this work 
17 trans-[Cu(NCS)2(4-NH2Py)2]
a 
 
41.1 15, 16 
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18 trans-[Cu(NCS)2(2-PhPy)2] 
 
65.9 this work 
19 trans-[Cu(NCS)2(3-PhPy)2] 
 
83.5 this work 
20 trans-[Cu(NCS)2(Pdz)2] 
 
78.0 this work 
21 trans-[Cu(NCS)2(Bpy)] 
 
47.0 this work 
22 trans-[Cu(NCS)2(Pyz)] 
 
97.3 this work 
23 trans-[Cu(NCS)2(4-MeNHPy)2]
b 
 
– 16 
24 trans-[Cu(NCS)2(4-NH2COPy)2]
b 
 
– 14 
25 trans-[Cu(NCS)2(2-PhCOPy)2]
b 
 
– 22, 23 
26 trans-[Cu(NCS)2(4-PhCOPy)2]
b 
 
– 24 
27 trans-[Cu(NCS)2(3-(2HOPhCH=NPy))2(MeOH)2]
b – 17 
 
aConfirmed known complex.  
bNot prepared in this study.  
cNew polymorph/solvate of known complex. 
 
Elemental Analysis Results 
 Elemental analysis generally confirmed the anticipated percent content of Cu, C, H, and N 
in our products, and the results are displayed in Table 2. However, of note are the two MeOH 
solvate complexes, 12a and 14, which yielded percent contents consistent with solvent loss: trans-
[Cu(NCS)2(3-NCPy)2(MeOH)2] (12a) apparently lost one equivalent of MeOH and trans-
[Cu(NCS)2(3-AcPy)2(MeOH)2]) (14) lost two equivalents of MeOH over the course of sample 
shipping. Minor inconsistencies with theoretical percentages in the data for the other complexes 
are possibly due to small amounts of non-coordinated MeOH remaining in product. 
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Table 2: Elemental Analysis Results. 
Complex Cu analysisa C analysisa H analysisa N analysisa Reference 
 
1a 
 
18.7 (18.8) 
 
42.4 (42.7) 
 
3.45 (3.55) 
 
14.0 (14.1) 
 
12 
1b – – – – 11 
2a 15.5 (16.0) 44.4 (45.3) 4.39 (4.55) 14.1 (14.1) this work 
2b – – – – 18 
3 17.9 (17.4) 46.1 (46.0) 3.93 (3.86) 15.3 (15.3) this work 
4 17.2 (17.4) 45.7 (46.0) 3.78 (3.86) 15.5 (15.3) this work 
5 17.0 (17.0) 38.6 (38.6) 2.25 (2.16) 15.1 (15.0) this work 
6 15.2 (15.6) 35.2 (35.4) 1.97 (1.98) 14.0 (13.8) this work 
7 – – – – this work 
8 12.9 (12.8) 29.3 (29.1) 1.64 (1.63) 11.3 (11.3) this work 
9 – – – – 19, 20 
10 15.7 (16.0) 42.3 (42.3) 3.58 (3.55) 14.2 (14.1) this work 
11 16.0 (16.0) 42.0 (42.3) 3.45 (3.55) 14.0 (14.1) this work 
12ab 14.7 (15.1) 45.0 (44.5) 4.31 (4.56) 11.3 (11.5) this work 
12b – – – – 13 
13a/13b 14.8 (15.1) 45.6 (45.5) 3.34 (3.34) 13.3 (13.3) this work 
14c 14.3 (14.1) 42.3 (42.9) 2.69 (2.88) 20.2 (20.0) this work 
15a 16.6 (16.5) 43.0 (43.4) 2.17 (2.08) 21.4 (21.7) this work 
15b – – – – 15 
16 25.9 (25.8) 34.0 (34.1) 3.61 (3.67) 17.2 (17.0) this work 
17 17.6 (17.3) 39.3 (39.2) 3.50 (3.29) 22.8 (22.8) 15, 16 
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18 13.4 (13.0) 57.7 (58.8) 3.67 (3.70) 11.4 (11.4) this work 
19 13.5 (13.0) 58.4 (58.8) 3.69 (3.70) 11.5 (11.4) this work 
20 19.2 (18.7) 35.1 (35.3) 2.46 (2.37) 24.5 (24.7) this work 
21 19.4 (18.9) 42.6 (42.9) 2.46 (2.40) 16.4 (16.7) this work 
22 24.4 (24.5) 27.2 (27.7) 1.77 (1.55) 21.5 (21.6) this work 
23 – – – – 16 
24 – – – – 14 
25 – – – – 22, 23 
26 – – – – 24 
27 – – – – 17 
 
aTheoretical value in parenthesis. 
bCHN theoretical analysis values for trans-[Cu(NCS)2(3-AcPy)2].  
cCHN theoretical analysis values for trans-[Cu(NCS)2(3-NCPy)2(MeOH)] 
 
Infrared Spectroscopy Results 
 Chemical bonds between atoms vibrate in the same frequency range as infrared radiation, 
and because of this IR spectroscopy can afford useful insight into the energy contained in these 
bonds, usually expressed in units of wavenumbers (cm–1). In this project, IR was used to analyze 
our entire series of trans-[Cu(SCN)2(XPy)2(MeOH)x] products, with special attention paid to the 
C–N and C–S bonds in thiocyanate (νCN and νSC, respectively).  
To assess the influence that network geometry and ligand environment might have on the 
bonds in thiocyanate (as well as to locate the bands of interest in the cluttered low-frequency 
regions of IR spectra), it is important to establish our expectations. In IR spectra of thiocyanate, 
νCN and νSC normally lie in the vicinity of 2050 cm–1 and 750 cm–1, respectively.10,29 In general, 
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for complexes in which the thiocyanate is bound through the nitrogen, νCN can be expected to show 
lower frequency values and νSC can be expected to show higher values, in the range of 760–860 
cm–1.29,3 Conversely, S-bound thiocyanate complexes usually show higher νCN bands, closer to 
2100 cm–1, and lower νSC bands, in the range of 690–720 cm–1.29,30 Certainly in all of our 
complexes, thiocyanate can be considered to principally bond to Cu through nitrogen. However, 
in most instances there is also a degree of weak S-coordination to Cu, varying in strength 
depending on the complex formed with each XPy ligand. The νSC frequency of thiocyanate lies in 
a region of the IR spectrum that is often obscured by signals from aromatic resonance, when such 
features are present (as they are in a sample that includes pyridine species). As well, the signal 
itself is often of low-intensity, and these factors made identifying the νSC band difficult. To assist 
in identifying the presence of νSC bands, we compared the spectra of our complexes to IR spectra 
of the respective neat pyridine ligands. 
The results of our IR analysis are presented in Table 3. These include the values observed 
for νCN and νSC as well as an assortment of other bands of interest. In general, the values observed 
for νCN were surprisingly high: all but five of our 21 complexes showed single νCN bands in the 
range of 2073–2097 cm–1, and for the complexes of 3-MeOPy (10), 3-AcPy (12a), 4-NH2Py (17), 
Pdz (20), and Pyz (22) pairs of bands in the ranges of 2058–2073 cm–1 and 2104–2129 cm–1 were 
observed. As noted above, bands in these ranges are more consistent with complexes of S-bound 
or N,S-bridging thiocyanate than with N-bound thiocyanate. νSC bands, however, were tentatively 
identified in the range of 760–867 cm–1 across all species, which is highly consistent with the range 
expected for N-bound thiocyanate. These values are potentially indicative that Cu–NSCN bonds 
will be weaker (and, correspondingly, thiocyanate C–N bonds will be stronger) in the context of a 
ligand environment that encourages even weak Cu–S bridging. 
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Table 3: IR Spectroscopy Data. 
Complex Ligand CN (cm–1) SC (cm–1)  Other (cm
–1)  
1a Py 2087 823 – 
2a 2-MePy 2087 777a 3383b 
3 3-MePy 2079 806 – 
4 4-MePy 2081 832 – 
5 3-FPy 2087 844 – 
6 3-ClPy 2073 816a – 
8 3-BrPy 2087 829 – 
10 3-MeOPy 2104, 2071 818 – 
11 4-MeOPy 2081 844 – 
12a 3-AcPy 2126, 2062 825a 1690b,d 
13a/13b 4-AcPy 2097 825a 1694b 
14 3-NCPy 2097 828 3472b, 2243e 
15a 4-NCPy 2091 867 2244e 
16 2-NH2Py 2095 819 3439, 3312, 3198
f 
17 4-NH2Py 2127, 2073 850
a 3460, 3341, 3213f 
18 2-PhPy 2089 760 – 
19 3-PhPy 2081 769 – 
20 Pdz 2114, 2073 810 – 
21 Bpy 2089 813 – 
22 Pyz 2129, 2058 828 – 
a Band partially obscured. b MeOH band. b C=O band. d MeOH band not observed. e RC≡N band.  
f NH2 bands. 
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Crystallographic Results 
 Details of the X-ray experiments performed in this study and crystal data are summarized 
below, in Table 4. 
Table 4: Crystallographic data for all compounds. 
 2a 3 4 
CCDC deposit no. 1500159 1500165 1500161 
Color and habit green block green block green plate 
Size, mm 0.27 × 0.24 × 0.16 0.42 × 0.35 × 0.13 0.27 × 0.22 × 0.06 
Formula C15H18CuN4OS2 C14H14CuN4S2 C14H14CuN4S2 
Formula weight 397.99 365.95 365.95 
Space group P–1 P–1 P21b 
a, Å 7.81280(10) 6.4580(2) 9.5933(2) 
b, Å 8.3771(2) 8.5419(3) 26.4724(5) 
c, Å 15.2538(3) 8.6899(3) 9.8066(2) 
, deg 82.2620(10) 105.063(2) 90 
, deg 80.7670(10) 110.4590(10) 106.0490(10) 
, deg 62.9840(10) 108.4560(10) 90 
Volume, Å3 875.71(3) 387.23(2) 2393.40(8) 
Z 2 1 6 
calc, g cm−3 1.509 1.569 1.523 
F000 410 187 1122 
(Cu K), mm−1 4.058 4.486 4.354 
Temp., K 100 295 100 
Residuals:a R; Rw 0.0452, 0.1135 0.0329, 0.0918 0.0254, 0.0620 
Goodness of fit 1.180 1.081 0.994 
Peak and hole, eÅ−3 0.997, −0.598 0.429, −0.224 0.343, −0.257 
 
aR = R1 = ||Fo|  |Fc||/|Fo| for observed data only.  Rw = wR2 = {[w(Fo2 – Fc2)2]/[w(Fo2)2]}1/2 
for all data. bFlack parameter = 0.466(15). 
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Table 4, cont’d. 
 5 6 7 
CCDC deposit no. 1500158 1500163 1500160 
Color and habit green prism green block green prism 
Size, mm 
0.46 × 0.19 × 
0.09 
0.49 × 0.25 × 0.13 0.36 × 0.11 × 0.10 
Formula C12H8CuF2N4S2 C12H8Cl2CuN4S2 C24H16Br4Cu2N8S4 
Formula weight 373.88 406.78 991.41 
Space group P21/n P–1 P–1 
a, Å 8.30210(10) 6.30120(10) 7.69850(10) 
b, Å 5.91340(10) 8.1096(2) 9.19930(10) 
c, Å 14.4740(3) 8.5741(2) 12.1238(2) 
, deg 90 103.1890(10) 80.8420(10) 
, deg 103.3430(10) 109.2230(10) 81.2310(10) 
, deg 90 108.5740(10) 73.2280(10) 
Volume, Å3 691.40(2) 364.003(14) 806.44(2) 
Z 2 1 1 
calc, g cm−3 1.796 1.856 2.041 
F000 374 203 478 
(Cu K), mm−1 5.259 8.150 10.115 
Temp., K 100 100 100 
Residuals:a R; Rw 0.0242, 0.0659 0.0245, 0.0639 0.0276, 0.0720 
Goodness of fit 1.077 1.089 1.071 
Peak and hole, eÅ−3 0.370, −0.522 0.298, −0.619 0.887, −0.728 
 
aR = R1 = ||Fo|  |Fc||/|Fo| for observed data only.  Rw = wR2 = {[w(Fo2 – Fc2)2]/[w(Fo2)2]}1/2 
for all data. bFlack parameter = 0.466(15). 
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Table 4, cont’d. 
 8 10 11 
CCDC deposit no. 1500162 1500164 1500170 
Color and habit green blade green prism green block 
Size, mm 0.31 × 0.08 × 0.03 0.21 × 0.13 × 0.07 0.43 × 0.20 × 0.13 
Formula C24H16Br4Cu2N8S4 C14H14CuN4O2S2 C14H14CuN4O2S2 
Formula weight 991.41 397.95 397.95 
Space group P–1 C2/m P–1 
a, Å 8.0571(2) 14.4710(2) 10.9796(2) 
b, Å 9.2147(2) 16.5259(2) 11.2667(2) 
c, Å 11.6978(3) 6.94220(10) 11.5223(2) 
, deg 84.7490(10) 90 112.5140(10) 
, deg 86.1420(10) 99.9630(10) 99.2840(10) 
, deg 67.1760(10) 90 98.4040(10) 
Volume, Å3 796.65(3) 1635.16(4) 1265.22(4) 
Z 1 4 3 
calc, g cm−3 2.066 1.617 1.567 
F000 478 812 609 
(Cu K), mm−1 10.239 4.398 4.263 
Temp., K 100 100 100 
Residuals:a R; Rw 0.0248, 0.0684 0.0256, 0.0713 0.0299, 0.0807 
Goodness of fit 1.073 1.027 1.027 
Peak and hole, eÅ−3 0.670, −0.500 0.488, −0.266 0.553, −0.321 
 
aR = R1 = ||Fo|  |Fc||/|Fo| for observed data only.  Rw = wR2 = {[w(Fo2 – Fc2)2]/[w(Fo2)2]}1/2 
for all data. bFlack parameter = 0.466(15). 
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Table 4, cont’d. 
 12a 13a 13b 
CCDC deposit no. 1500166 1500167 1500176 
Color and habit blue block green plate green plate 
Size, mm 0.38 × 0.23 × 0.16 0.40 × 0.15 × 0.02 0.42 × 0.27 × 0.07 
Formula C18H22CuN4O4S2 C16H14CuN4O2S2 C16H14CuN4O2S2 
Formula weight 486.05 421.97 421.97 
Space group P–1 P21/c Pbca 
a, Å 7.4925(2) 5.69760(10) 9.40090(10) 
b, Å 7.8360(2) 10.7035(2) 16.0371(2) 
c, Å 10.0967(2) 14.1837(2) 23.9505(3) 
, deg 97.6630(10) 90 90 
, deg 95.3230(10) 95.8730(10) 90 
, deg 109.9180(10) 90 90 
Volume, Å3 546.24(2) 860.44(3) 3610.85(7) 
Z 1 2 8 
calc, g cm−3 1.478 1.629 1.552 
F000 251 430 1720 
(Cu K), mm−1 3.469 4.221 4.023 
Temp., K 100 100 100 
Residuals:a R; Rw 0.0331, 0.0874 0.0280, 0.0747 0.0263, 0.0749 
Goodness of fit 1.062 1.033 1.051 
Peak and hole, eÅ−3 0.670, −0.691 0.371, −0.203 0.453, −0.254 
 
aR = R1 = ||Fo|  |Fc||/|Fo| for observed data only.  Rw = wR2 = {[w(Fo2 – Fc2)2]/[w(Fo2)2]}1/2 
for all data. bFlack parameter = 0.466(15). 
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Table 4, cont’d. 
 14 15a 16 
CCDC deposit no. 1500169 1500173 1500168 
Color and habit blue block green plate blue block 
Size, mm 0.33 × 0.30 × 0.20 0.43 × 0.28 × 0.02 0.25 × 0.17 × 0.13 
Formula C16H16CuN6O2S2 C14H8CuN6S2 C14H18Cu2N6O2S2 
Formula weight 452.01 387.92 493.54 
Space group P21/n P–1 P21/n 
a, Å 10.0868(2) 8.0172(2) 9.2237(7) 
b, Å 7.16320(10) 10.3427(2) 11.0826(9) 
c, Å 13.5654(2) 11.3382(3) 10.0614(8) 
, deg 90 112.1150(10) 90 
, deg 94.8530(10) 97.0190(10) 112.280(4) 
, deg 90 98.5880(10) 90 
Volume, Å3 976.64(3) 844.73(4) 951.72(13) 
Z 2 2 2 
calc, g cm−3 1.537 1.525 1.722 
F000 462 390 500 
(Cu K), mm−1 3.790 4.193 5.001 
Temp., K 100 100 100 
Residuals:a R; Rw 0.0224, 0.0599 0.0465, 0.1508 0.0353, 0.1126 
Goodness of fit 1.102 1.194 1.119 
Peak and hole, eÅ−3 0.258, −0.451 0.929, −0.475 0.126, −0.196 
 
aR = R1 = ||Fo|  |Fc||/|Fo| for observed data only.  Rw = wR2 = {[w(Fo2 – Fc2)2]/[w(Fo2)2]}1/2 
for all data. bFlack parameter = 0.466(15). 
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Table 4, cont’d. 
 18 19 20 
CCDC deposit no. 1500171 1500175 1500172 
Color and habit brown plate green blade green prism 
Size, mm 0.43 × 0.16 × 0.11 0.63 × 0.12 × 0.06 0.35 × 0.09 × 0.07 
Formula C24H18CuN4S2 C24H18CuN4S2 C10H8CuN6S2 
Formula weight 490.08 490.08 339.88 
Space group P–1 P21/c P21/c 
a, Å 6.92010(10) 6.01380(10) 5.75330(10) 
b, Å 8.22830(10) 17.0542(3) 7.9824(2) 
c, Å 10.50610(10) 10.8052(2) 13.9371(3) 
, deg 78.3790(10) 90 90 
, deg 80.0260(10) 105.6010(10) 95.3270(10) 
, deg 68.3410(10) 90 90 
Volume, Å3 541.371(12) 1066.92(4) 637.30(2) 
Z 1 2 2 
calc, g cm−3 1.503 1.525 1.771 
F000 251 502 342 
(Cu K), mm−1 3.375 3.424 5.446 
Temp., K 100 100 100 
Residuals:a R; Rw 0.0254, 0.0683 0.0266, 0.0746 0.0246, 0.0616 
Goodness of fit 1.043 1.049 1.059 
Peak and hole, eÅ−3 0.286, −0.360 0.296, −0.298 0.350, −0.358 
 
aR = R1 = ||Fo|  |Fc||/|Fo| for observed data only.  Rw = wR2 = {[w(Fo2 – Fc2)2]/[w(Fo2)2]}1/2 
for all data. bFlack parameter = 0.466(15). 
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Table 4, cont’d. 
 21 22 
CCDC deposit no. 1500177 1500174 
Color and habit green blade green plate 
Size, mm 0.43 × 0.19 × 0.10 0.30 × 0.23 × 0.04 
Formula C14H8CuN6S2 C6H4CuN4S2 
Formula weight 387.92 259.79 
Space group Pccn C2/m 
a, Å 10.7249(2) 10.62740(10) 
b, Å 11.3597(2) 6.95810(10) 
c, Å 22.3429(5) 5.67600(10) 
, deg 90 90 
, deg 90 91.7830(10) 
, deg 90 90 
Volume, Å3 2722.07(9) 1066.92(4) 
Z 8 2 
calc, g cm−3 1.639 2.057 
F000 1352 258 
(Cu K), mm−1 5.051 7.935 
Temp., K 100 100 
Residuals:a R; Rw 0.0320, 0.0984 0.0336, 0.0960 
Goodness of fit 1.037 1.101 
Peak and hole, eÅ−3 0.465, −0.527 0.645, −0.668 
 
aR = R1 = ||Fo|  |Fc||/|Fo| for observed data only.  Rw = wR2 = {[w(Fo2 – Fc2)2]/[w(Fo2)2]}1/2 
for all data. bFlack parameter = 0.466(15). 
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X-ray diffraction is one of the most powerful tools available to an inorganic chemist, and 
formed the bedrock of this project. The principles (if not necessarily the details) of this analytical 
method are relatively straightforward: X-rays are directed into a single, small crystal of a 
compound of interest, and scatter (diffract) off the lattice of atoms in an orderly fashion that reflects 
the structure of the atoms in space. By recording the pattern of diffracted X-rays from a sufficient 
variety of angles, what is essentially a 3-dimensional “photograph” of the crystal structure can be 
constructed. During this project, X-ray diffraction was used to solve the structures of the 21 newly 
synthesized compounds, as well as to offer refined versions of preexisting structures. Doing so 
gave us direct insight into the coordination sphere of copper(II), including such specific data on 
bond lengths and angles between atoms in any given crystal structure. This allowed us to assess 
one of our central questions of how XPy influenced the bonding of copper to thiocyanate, as well 
as questions regarding network formation and coordination geometries. Practically, crystals of this 
series of compounds displayed very little disorder and consistently produced reliable 
crystallographic data. Selected bond lengths and angles of the new and known compounds 
synthesized by this study are offered in Table 5, and an analysis of the various individual structures 
from the series of trans-[Cu(SCN)2(XPy)2(MeOH)x] is given below. At the same time, however, 
there are several features that are consistent across the series that can be used to broadly categorize 
this family of complexes. 
 The most obvious shared feature in this collection of compounds is the fact that in all cases, 
pairs of thiocyanate and pyridine ligands are coordinated to the copper center trans to one another. 
The angles observed between pyridine-N, Cu, and thiocyanate-N were always nearly 90°, 
deviating by no more than 4° and usually by less than 1°. Thiocyanate N–C–S bond angles were 
nearly always linear, varying from 180° by 6.5° at the most, and again usually by less than 1°. The 
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Cu–N-C bond angles were normally also close to expected linearity, but showed increased 
variation, ranging from 154° to 179°. Also observed in a number of complexes was π-stacking: the 
incidence of conjugated rings of atoms (such as pyridine, or phenyl rings bonded to pyridines as 
substituents) lining up with one another along their π-orbitals, which lie orthogonal to the plane of 
the ring.31 Both face-to-face π-stacking and edge-to-face stacking were observed: the former refers 
to when rings line up in parallel to form “stacks”, and the latter to when adjacent rings line up at 
an angle, forming a T-shape (see Figure 7).31 Cutoff distances of 4.0 and 5.7 angstroms (Å, one 
ten-billionth of a meter) were used to delineate these interactions, respectively. 
 
Figure 7: π-stacking interactions. 
 
The crystals grown in this project from copper(II) thiocyanate and XPy in methanol 
encompassed a pleasing variety of compounds, both in terms of physical appearance and 
structurally, as determined by X-ray diffraction. We have organized 24 compounds studied and 
gathered from the literature into seven broad structural categories, which are listed in Table 6, and 
that can be correlated with pyridine substituents and/or MeOH coordination. The category 
designations D4h, C4v, and Oh refer to point groups, or more generally to geometric configurations 
42 
 
of ligands around the copper center; D4h complexes are square planar around copper, C4v are square 
pyramidal, and Oh are octahedral. 
 
X-ray Crystal Structures 
Table 5: Selected bond lengths and angles for all compounds. 
 Bond Lengths 
Complex Cu–NPy Cu–NCS Cu…Sb Other  
1a 2.044(2), 2.049(2),  
2.055(2) 
1.932(2), 1.933(2), 
1.936(2)  
2.991(2), 3.045(2), 
3.085(2) 
3.896,c 5.004,d 
5.251,d 5.472d 
1b 1.98(2) 1.94(2) 3.04(2) – 
2a 2.050(3),  2.056(3) 1.932(3), 1.950(3) – 2.363(3),e 3.820c 
2b 2.02(1), 2.02(1), 
2.06(1) 
1.94(1), 1.94(1), 
1.95(1), 1.96(1) 
3.043(5), 3.049(6), 
(3.263(5)), 
(3.270(5)) 
– 
3 2.0140(17) 1.9598(19) (3.3869(7)) 3.528c 
4 2.016(3), 2.017(3), 
2.020(3), 2.033(3), 
2.057(3), 2.060(3)  
1.947(3), 1.948(3), 
1.952(3), 1.956(3), 
1.960(3), 1.963(3) 
2.9098(11), 
2.9137(11), 
2.9413(10), 
2.9864(11), 
3.0971(11), 
3.1475(11) 
5.039,d 5.004,d 
5.269,d 5.289,d 
5.852d 
5 2.0512(15) 1.9359(16) 3.1611(5) 3.702,c 5.023d 
6 2.0171(15) 1.9610(16) 3.201 3.387c 
7 2.032(2), 2.057(2) 1.942(2),f 1.947(2) (5.253),f 2.6868(7)  3.136,g 5.509d 
8 2.053(2), 2.060(2) 1.924(2),f 1.942(2) (3.4877(8)),f 
2.8696(7) 
5.606,d 5.635d 
43 
 
9 2.041, 2.050 1.952, 1.966 2.992, 3.067 – 
10 2.0343(16) 1.933(2),f 1.954(2) (4.372),f 2.7637(8)  3.697c 
11 2.017(5),h 
2.0288(15), 
2.0373(15) 
1.9538(15), 
1.9722(16),h 
2.026(5)h 
2.9249(4), 
2.9991(4), 
3.1051(4) 
3.688,c 4.927d 
12a 2.0346(18) 1.9694(19) – 2.4222(16)e 
12b 2.048(2), 2.035(2) 1.930(3),f 1.930(3), 
1.940(3),f 1.940(4) 
(4.119),f 2.863(1), 
2.942(1)  
3.782c 
13a 2.0617(17) 1.9299(17) 3.0834(5) 3.785i 
13b 2.0387(14), 
2.0474(14) 
1.9506(15), 
1.9565(15) 
2.8258(5), 
3.0460(5) 
5.347d 
14 2.0483(13) 1.9664(13) – 2.4221(11)e 
15a 2.050(4), 2.058(4) 1.946(4), 1.947(4) 2.9314(13), 
2.9522(12) 
5.668,d 5.685d 
15b 2.0552(18) 1.9364(19) 2.9529(7), 3.002 5.679d 
16 1.997(3) 1.932(3) 2.8484(10) 1.922(2),e 
3.0241(10),j 
3.561i 
17 2.021(2), 2.023(2)  1.943(3), 1.954(3) 2.867(1), (3.508) 4.948,d 5.350d 
18 2.0241(13) 1.9267(14) (4.816)f 4.062c 
19 2.0319(15) 1.9442(16) (3.2499(5))f 5.366d 
20 2.0492(17) 1.9381(17) 3.0254(5) 5.647d 
21 2.037(3), 2.062(3), 
2.034(3), 2.067(3) 
1.938(2), 1.938(2) 2.9947(6), 
2.9952(6) 
5.682d 
22 2.084(3) 1.924(3) 2.9418(7) – 
23 2.022(3) 1.956(5), 1.972(5) 2.676(2) 5.056,d 5.443d 
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24 2.044(1) 1.950(1) 2.9498(4) 5.343d 
25 2.016(2) 1.958(2) – 2.4346(19)e 
26 2.047(3), 2.066(3) 1.929(3),f 1.928(3) (3.229),f 2.938 5.614d 
27 2.053 1.957 – 2.430e 
Bond Angles 
 N–Cu–N  N–C–S  Cu–N–C  Cu…S–Cb  
1a 89.45–91.06 179.1(2), 179.1(2), 
179.2(2) 
179.1(2), 179.1(2), 
179.3(2) 
92.18, 93.27, 
93.49 
1b 90.00 179.7(14) 173.2(13) 93.28 
2a 89.45(12)– 
90.25(12) 
178.6(3), 179.2(3) 168.2(3), 160.6(3) – 
2b 89.00–91.00 176.7(16), 
178.1(16), 
178.4(15), 178.7(15) 
162.2(15), 
168.2(19), 
171.9(13), 
173.7(13),  
95.46, 98.36, 
(113.20), (115.42) 
3 89.34(7), 90.66(7) 178.4(2) 163.8(2) (109.40) 
4 87.24(13)–
91.85(13) 
178.0(3), 178.8(4), 
179.1(3), 179.3(4), 
179.6(4), 179.7(4) 
155.5(3), 160.5(3), 
167.1(3), 167.3(3), 
168.8(3), 170.9(3) 
89.63, 95.59, 
96.37, 97.03, 
104.84, 109.05 
5 89.72(6), 90.28(6) 178.71(16) 172.05(15) 97.21 
6 89.30(6), 90.70(6) 178.19(17) 161.70(15) (108.77) 
7 88.14(10)–
91.78(10) 
178.9(3),f 179.0(3) 155.0(2),f 169.4(2) (88.76),f 96.16(9)  
8 89.22(9)–90.91(9) 178.9(2),f 178.6(2) 169.8(2),f 170.8(2) (94.52),f 93.99  
9 89.27–90.73 178.47, 178.77 160.09, 170.25 96.85, 97.34 
10 89.53(4), 89.75(4) 179.8(3),f 178.0(2) 173.2(2),f 166.1(2) (52.38),f 
100.15(9)  
11 86.00(13)– 
94.00(13) 
173.5(6),h 
178.61(18), 
179.61(18) 
159.6(5),h 
162.41(14), 
168.54(15) 
98.12, 98.46, 
100.37 
12a 89.91(7), 90.09(7) 179.2(2) 168.49(18) – 
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12b 88.27(6)– 91.52(6) 179.24,f 178.23, 
178.74, 179.69f 
169.61,f 166.61, 
167.74, 171.75f 
(58.50),f 
98.25(12), 
99.36(13) 
13a 88.87(7), 91.13(7) 178.53(19) 169.81(17) 93.89 
13b 87.51(6)–92.03(6) 178.69(16), 
179.19(16) 
168.16(14), 
171.25(14) 
94.66, 95.92 
14 89.18(5), 90.82(5) 178.54(14) 173.96(12) – 
15a 90.36(14)– 
89.81(14) 
179.1(4), 178.9(4) 171.5(3), 166.7(3) 95.20, 96.46 
15b 89.63–90.37 179.1(2), 179.6(2) 168.59, 171.60(18) 96.54, 96.75 
16 93.03(12) 178.5(3) 174.5(3) 101.96 
17 88.88–90.82 178.8(3), 179.0(3) 167.38, 167.53 93.35, (79.39) 
18 90.69(5), 89.31(5) 179.10(15)f 171.28(14)f (116.66)f 
19 89.52(6), 90.48(6)  179.57(18)f 168.62(15)f (97.14)f 
20 89.66(7), 90.34(7) 178.76(18) 166.39(17) 95.69 
21 89.59(6)– 90.41(6) 178.8(2), 179.4(2) 170.2(2), 173.4(2) 93.95, 94.47 
22 90.0 179.1(3) 174.7(3) 95.37 
23 88.83(7), 89.99(8) 179.8(6) 154.42, 170.06 94.79 
24 89.51(5), 90.49(5) 179.1(1) 159.33 102.00 
25 87.93(9), 92.07(9) 178.77 162.7(2) – 
26 89.38(13)– 
91.17(12) 
178.5(3),f 179.7(4) 166.9(3),f 163.8(3) (88.42),f 92.52 
27 89.53, 90.47 177.98 163.14 – 
 
aesd values provided when available. bValues in parenthesis for non-bonding Cu…S. 
cCentroid…centroid (face-to-face -stack). dCentroid…centroid (edge-to-face -stack).  eCu–O. 
fTerminal CuNCS. gCu–Br. hMajor position in disordered structure. iCMe…centroid. jCu…Cu. 
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Table 6: trans-[Cu(SCN)2(XPy)2(MeOH)x] complexes sorted by structural category. 
D4h Chains D4h Networks D4h Monomers C4v Dimers  
Py (1a, 1b),a 
3-FPy (5), 
3-ClPy (6), 
4-BrPy (9), 
4-AcPy (13a),b 
4-NCPy (15a, 15b),a 
4-PhCOPy (26) 
Pdz (20) 
2-MePy (2b),b 
4-MePy (4), 
4-MeOPy (11), 
4-AcPy (13b),b 
4-NH2COPy (24) 
3-MePy (3), 
2-PhPy (18), 
3-PhPy (19) 
2/3-BrPy (7) 
3-BrPy (8), 
3-MeOPy (10), 
3-AcPy (12b)b 
C4v Chains Oh Monomers (•2 MeOH) C4v Monomers (•MeOH) 
4-NH2Py (17), 
4-MeHNPy (23) 
3-NCPy (14), 
3-AcPy (12a),b 
3-(2-MeO-PhCH=NPy) (27) 
2-MePy (2a)b 
aSingle entry represents two polymorphs with similar structures.  
bPolymorphs or solvates having different structures.  
  
The largest number of complexes fall into the category of “D4h chains” on Table 6. 
Fundamentally, these complexes are square planar (D4h) molecules of trans-[Cu(SCN)2(XPy)2]. 
Square planar arrangements, as previously discussed, are very typical of copper(II) complexes.2 
However, copper(II) also favors the formation of Jahn-Teller distorted octahedra, and in this group 
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that geometry is satisfied by long intermolecular bridging bonds between sulfur and copper. These 
bonds link up the otherwise-isolated square-planar molecules into long chains of tetragonally Jahn-
Teller distorted edge-sharing octahedra. One of the most significant parameters contained in our 
crystallographic data is the exact distance between Cu–S in cases where such bridging could be 
identified. The length of a bond is directly related to its strength, and so measuring this distance in 
a crystal structure gives a sense of how strongly or weakly thiocyanate is bridging to copper(II). 
According to a search of the Cambridge Crystallographic Database, the average Cu–S bond length 
is 2.32 Å, with an overall range of bond lengths between 1.90–3.42 Å.32 Nearly all the complexes 
covered by this study exhibit Cu–S bond lengths near the top of this range, and even those 
classified as “D4h monomers” usually display some level of Cu–S interaction; an exact cutoff 
distance for what constitutes a “Cu–S interaction” is therefore difficult to define, but for the sake 
of discussion, in this project the highly generous bond distance of 3.70 Å is used as a hard cutoff, 
while 3.20 Å is treated as a more reasonable maximum length for a substantial Cu–S bond.  
The group of D4h chains listed on Table 6 contains ten complexes, including the simplest 
variant of the trans-[Cu(SCN)2(XPy)2] series, for which XPy is simply pyridine. The Py complex 
was previously known in the literature under two polymorphs, 1a and 1b which are both contained 
on Table 6.10,11 (“Polymorphs” are crystal structures of identical molecules in identical ratios, but 
that nonetheless have crystal lattices with different parameters.2) The Py product formed in this 
study was identified as 1a, and 1b was not observed. The remaining complexes in this group 
incorporate the ligands 3-FPy (5), 3-ClPy (6), 4-BrPy (9)17,18, 4-AcPy (13a), 4-NCPy (two 
polymorphs, 15a and 15b)15, 4-PhCOPy (26)21, and pyridazine (Pdz, 20). The five compounds 
from this group that are new structures (5, 6, 13a, 15a, and 20) are highly similar to the 
unsubstituted Py complex (1a) and to each other, and visualizations of the X-ray structures of these 
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compounds are displayed in Figure 8. In the structure of 5, the fluorine atom is disordered between 
the two possible meta positions. The 4-AcPy complexes 13a and 13b are polymorphs of each other 
and were both isolated from the same crystallization mixture after synthesis. Complex 13a is a D4h 
chain and is classified in this group, while 13b formed a D4h network and is discussed below. The 
complex of 4-NCPy displayed polymorphism as well, with our analysis yielding 15a, a polymorph 
of the literature structure 15b. Compound 20 was synthesized with pyridazine (Pdz), a potentially 
bidentate ligand included out of the same investigative impetus as the bridging ligands 4,4ʹ -
bipyridyl (Bpy) and pyrazine (Pyz), discussed below. However, Pdz failed to bridge and instead 
resulted in the formation of a monodentate D4h chain. Like most of the other complexes categorized 
in this group, 20 also exhibited π-stacking of the edge-to-face variety; complexes 1b, 5, 6, and 20 
all show face-to-face inter-chain π-stacking of pyridine rings with centroid…centroid distances of 
3.813, 3.702, 3.387, and 3.578 Å, respectively. Canting (tilting of angle) is observed in the pyridine 
rings of both 15a and 15b resulting in edge-to-face π-stacking. Canting is also displayed in the 
crystal structure of compound 5, which shows a very close edge-to-face π-stack where the “edge” 
atom is apparently shared between disordered H/F positions. Finally, compound 13a displays an 
interaction between pyridine and an acetyl methyl, with a CMe
…centroid distance of 3.785 Å. 
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Figure 8: X-ray structures of new D4h chain complexes: trans-[Cu(NCS)2(3-FPy)2] 5, trans-
[Cu(NCS)2(3-ClPy)2] 6, trans-[Cu(NCS)2(4-AcPy)2] 13a, trans-[Cu(NCS)2(4-NCPy)2] 15a, and 
trans-[Cu(NCS)2(Pdz)2] 20. For Pdz complex 20, the ring nitrogen is shown adjacent to the sulfur 
atom. Color scheme for all X-ray figures: orange = Cu, yellow = S, grey = C, blue = N, red = O, 
yellow-green = F, green = Cl, dark red = Br. Copper and thiocyanate atoms shown as ball and stick 
and other ligands as wireframe. Hydrogen atoms have been omitted.  
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The second-largest structural category of trans-[Cu(SCN)2(XPy)2] complexes displayed in 
Table 6 is that of D4h networks. Similar to the previously-discussed group of D4h chains, these 
complexes exhibit long Cu–S bonds that link square-planar molecules into octahedra. This group, 
however, forms nonlinear sheet structures characterized by branch points, where bridging 
thiocyanate “branches” off in a direction different from that of the adjoining thiocyanate. The 
staggered appearance of such structures is illustrated in Figures 9–11. Networks of this nature are 
noted in the literature, including the 4-NH2COPy complex 24,
14 and the 2-MePy complex, 2b.18 
Complex 24 forms a tiled network of Cu4(SCN)4 groups, and 2b is composed of half-independent 
trimers of edge-sharing octahedra. Most interestingly, the trimer structure in 2b terminates with a 
component trans-[Cu(SCN)2(2-MePy)2] that only bridges to one thiocyanate, essentially creating 
a five-coordinate square-pyramid, a geometry that is relatively unusual for copper(II). The only 
other five-coordinate complex observed in this project is, notably, the other 2-MePy compound, 
2a, which was first synthesized and reported in this study. 
 
Figure 9: X-ray structure of D4h network trans-[Cu(SCN)2(4-MePy)2] (4). See Fig. 8 for atom 
color key. 
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 Our assessment of compound 4, the complex of 4-MePy, involved a redetermination of an 
existing structure that was deemed to be of low-quality.21 This structure, like 2b, consists of edge-
sharing trimers that here include three fully-independent Cu atoms. These trimers connect at 
branch points to form a zigzag pattern (see Figure 9), rather than terminating at an independent 
square planar trans-[Cu(SCN)2(2-MePy)2] as in 2b. In this structure, the Cu–S connections 
between the trimers (2.9864(11) and 3.1475(11) Å) are on average longer than those within the 
trimers (Cu–S = 2.9098(11), 2.9137(11), 2.9413(11), and 3.0971(11) Å). As in several of the D4h 
chain structures, 4 exhibits canting pyridine rings involved in edge-to-face π-stacking interactions. 
 
Figure 10: X-ray structure of D4h network trans-[Cu(SCN)2(4-MeOPy)2] (11). See Fig. 8 for 
atom color key. 
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 The complex of 4-MeOPy, 11, is particularly interesting among the trans-
[Cu(SCN)2(XPy)2] species discussed herein. Structurally, it consists of three half-independent Cu 
units and incorporates numerous terminal thiocyanates (see Figure 10). Somewhat unusual for this 
series, it shows significant disorder, having two positions each for one of the thiocyanate ligands 
and one of the 4-MeOPy ligands. In this network, rows of D4h chains are separated by nearly 
isolated D4h monomers that show very weak Cu–S (3.1051(4) Å) connections to the chains above 
and below them in the structure, and only half of the Cu atoms contained in the chains connect to 
these monomers. Perhaps most interestingly, 11 shows the only incidence in the entire series of 
thiocyanate S bonding to more than one copper atom. As well, face-to-face π-stacking is noted 
between a chain and monomer pyridine in this structure (centroid…centroid = 3.688 Å), and edge-
to-face π-stacking is observed along the length of the chain. 
 
Figure 11: X-ray structure of D4h network trans-[Cu(SCN)2(4-AcPy)2] (13b). See Fig. 8 for 
atom color key. 
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 Compound 13b is a polymorph of the 4-AcPy complex discussed above, 13a, and is shown 
in Figure 11. The unique structure of 13b can be described as consisting of a series of helices 
composed of …CuNCS… subunits, in which the dimers are opened up (Cu–S = 2.8258(5) Å), and 
the second set of thiocyanate units projects out from the helix.8 Helices are linked together by 
thiocyanate in this way (Cu–S = 3.0460(5) Å) to form close-together sheets that exhibit inter-sheet 
Hpyridine
…Oacetyl and Hacetyl
…Oacetyl interactions of 2.379 Å and 2.430 Å, respectively.  
 Not all of the complexes that are principally composed of square planar trans-
[Cu(SCN)2(XPy)2] units formed chains or networks. Referring to Table 6, three complexes in this 
study can be reasonably classified as simple D4h monomers, with insufficient bridging taking place 
to form any kind of network. In these complexes, shown in Figure 12, the pyridine ligands are 
more sterically-encumbering than those of the other D4h groups. 3-MePy (3), 2-PhPy (18), and 3-
PhPy (19) evidently obstruct the space around thiocyanate sufficiently to prevent it bridging into 
polymers or networks, compared to the other D4h complexes discussed that are mostly constructed 
with para-substituted pyridines. Complexes 3 and 18 have Cu–S bond distances of 3.3869(7) Å 
and 4.816 Å, respectively, isolating each unit sufficiently to consider them monomers. Complex 
19 has slightly more chainlike character, with a Cu–S bond distance of 3.2499(5) Å, which puts 
its thiocyanate within range of possibly being considered bridging. Compound 3 displays distinct 
π-stacking, with a centroid…centroid distance between pyridyl rings of 3.528 Å. Compound 18 is 
arguably oriented to exhibit π-stacking between phenyl rings, but this is unlikely, given a 
centroid…centroid distance of over 4 Å. Lastly, compound 19 shows a small amount of edge-to-
face π-stacking interaction. 
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Figure 12. X-ray structures of new D4h monomer complexes: trans-[Cu(NCS)2(3-MePy)2] 3, 
trans-[Cu(NCS)2(2-PhPy)2] 18, trans-[Cu(NCS)2(3-PhPy)2] 19. See Fig. 8 for atom color key. 
 
 The group of complexes listed as “C4v dimers” consists of square-planar trans-
[Cu(SCN)2(XPy)2] units in which one thiocyanate bridges much more significantly than the other. 
This effectively forms complexes of square-pyramidal dimers. In this study three such species (7, 
8, and 10) were newly synthesized, adding to a single preexisting example, 12b. The new C4v 
complexes are displayed below in Figure 13. The shortest, and therefore most chainlike, non-
bonding S…Cu distance in the three new dimeric compounds is that of 8, at 3.4877(8) Å, which is 
55 
 
nonetheless quite large compared to the S–Cu bonds discussed above. As well, 10 and 12b show 
face-to-face π-stacking interactions with centroid…centroid distances of 3.697 and 3.782 Å, 
respectively. In addition to the C4v dimers, two preexisting examples of C4v chains are noted in 
this study (17 and 23)15,16, wherein only a single thiocyanate bridges in a given trans-
[Cu(SCN)2(XPy)2] unit, producing highly isolated “square-wave” chains of alternating square-
pyramids. The structure of compound 17 is shown in Figure 14. 
 
Figure 13: X-ray structures of new C4v dimer complexes: trans-[Cu(NCS)2(2-BrPy)(3-BrPy)] 7, 
trans-[Cu(NCS)2(3-BrPy)2] 8, and trans-[Cu(NCS)2(3-MeOPy)2] 10.  See Fig. 8 for atom color 
key. 
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 The C4v dimer 7 (shown above in Figure 13) is quite unusual in both its structure and its 
chemical composition: a 9:1 mixture of 2-BrPy:3-BrPy in methanol solution yielded crystals of 
complex 7, in which both 2-BrPy and 3-BrPy coordinate to the copper(II) center. This is the only 
complex studied to exhibit such surprising behavior, and indeed is the only occasion in which 
crystals were successfully grown with 2-halopyridines: solutions of neat 2-BrPy yielded only 
powder, and mixed ratios that included higher ratios of 3-BrPy simply produced the 3-BrPy 
compound 8. Structurally, complex 7 appears to include a highly unusual interaction between Cu 
and the 2-bromo substituent, with a Cu–Br distance of 3.1364(5) Å, which is within the van der 
Waals radius sum of 3.25 Å.33 In addition, the strain induced by this quasi-four-membered 
CuNCBr ring results in the highly exaggerated Npy–Cu–Npy bond angle of 162.79(9)°. It is 
apparently this Cu–Br interaction that actually blocks chain formation within the complex and 
results in a dimer structure. 
 
Figure 14: X-ray structure of trans-[Cu(SCN)2(4-NH2Py)2] (17). See Fig. 8 for atom color key. 
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Three of the new complexes synthesized in this study were found to incorporate MeOH 
into their crystal structures, and are shown in Figure 15. Prior to this study, only a single di-MeOH 
octahedral complex, 27, was known, alongside the octahedral chelating 2-benzoylpyridine 
complex 25.17, 22,23   Our new compounds are 12a and 14, which contain two MeOH to form 
octahedral (Oh) monomers, and 2a, which contains only a single MeOH to create an unusual five-
coordinate C4v monomer. As a result of Jahn-Teller distortion, all of these complexes show long 
C–O bonds: 2.363(3) Å for 2a, 2.4225(12) Å for 12a, 2.4222(16) Å for 14, 2.4346(19) Å for 26, 
and 2.430 Å for 27, compared to an average C–O length of 2.29(3) Å.28 Methanol solvates, as 
discussed above, proved to be notably less stable than non-solvates, and correspondingly we 
observed structures for non-solvate analogs of 12a and 2a: 12b forms C4v dimers
13 and 2b forms 
D4h networks 
18, as noted above. The structure 2a displays notable π-stacking whereby the stacks 
produce an arrangement of parallel chains (centroid…centroid = 3.820 Å). 
 Perhaps the most notable complex to be discussed herein is not listed on Table 6. Our 
reaction of copper(II) thiocyanate and 2-NH2Py in MeOH produced crystals of 16, in which the 
methanol ligand is deprotonated to form a methoxy-bridged dimer, trans-[Cu(SCN)2(µ-OMe)2(2-
NH2Py)2], shown in Figure 16. A likely explanation for this ligand deprotonation is associated 
with the enhanced basicity of 2-NH2Py, which has a stronger proton-accepting potential than many 
of the other pyridines used in this study.9 In this complex, a Cu–S bond of 2.8484(10) Å links the 
dimers into a sheet structure, while the methoxy group evidently interacts with a face of the 
pyridine (CMe
…centroid = 3.561 Å). In addition, the Cu-O bond is undistorted and within the 
standard range at 1.922(2) Å. 
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Figure 15: X-ray structures of new MeOH-containing complexes: trans-[Cu(NCS)2(3-
AcPy)2(MeOH)2] 12a, trans-[Cu(NCS)2(3-NCPy)2(MeOH)2] 14, and trans-[Cu(NCS)2(2-
MePy)2(MeOH)] 2a. See Fig. 8 for atom color key. 
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Figure 16: X-ray structure of trans-[Cu(SCN)2(µ-OMe)2(2-NH2Py)2] (16). See Fig. 8 for atom 
color key. 
 
 A final component of this crystallographic investigation of copper(II) thiocyanate species 
involved assessing pyridine-type ligands that can themselves bridge for form complexes of trans-
[Cu(SCN)2(LL)]. 4,4ʹ-bipyridyl (Bpy) and pyrazine (Pyz) were two such ligands used to create the 
newly-reported bridging networks 21 and 22, respectively. Synthesizing these complexes (shown 
in Figure 17) was slightly more difficult than the other species discussed, and required slow 
diffusion of low-concentration methanol solutions of reagents in crystallizing tubes. In these 
complexes, infinite chains of …(LL)-Cu(SCN)2)
… are cross-linked by long Cu–S bonds, similarly 
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to the other complexes described above. The length of these Cu–S bonds are 2.9947(6) , 2.9952(6) 
Å for LL = Bpy (21) and 2.9418(7) Å for LL= Pyz (22), which indeed places them on the lower 
end for Cu–S bond lengths described in this work. The structural result of this geometry is long 
sheet structures that contain no interactions between layers. In 21, the infinite chains propagate in 
two orthogonal directions, and some weak edge-to-face π-stacking is observed within the sheet. 
The chain structure of 22, conversely, is highly symmetric, and all the chains are identically 
oriented.  
 
Figure 17: X-ray structures of new network complexes: trans-[Cu(NCS)2(Bpy)] 21 and trans-
[Cu(NCS)2(Pyz)] 22. See Figure 8 for atom color key. 
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Discussion 
 At once, this study has offered an in-depth overview of the synthesis and crystallographic 
features of trans-[Cu(SCN)2(XPy)2] species. The wealth of data gathered in this project, both from 
the chemical literature and our own experiments, has allowed for several broad insights into the 
impact XPy ligands have on the network formation of copper(II) thiocyanate species. In the first 
place, it is obvious that the substituent on pyridine has a significant influence on how thiocyanate 
sulfur atoms bond to copper(II). Figure 18 shows a plot of Cu…S distance in our square-planar 
compounds correlated to substituent positions on pyridine. Methanol-coordinated species and the 
methoxy-bridged dimer are omitted from this plot, and Pdz is treated as having no substituent.  
 
Figure 18: Correlation of Cu…S bond length with pyridine substituent position. 
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The majority of complexes of all substituent positions display Cu–S bond lengths between 
2.8 and 3.2 Å, and the plot does not take into account a wide range of potentially influential features 
like substituent size. However, a general correlation between shorter bond lengths and less 
sterically-encumbering positions on pyridine is clearly evident. Although the Jahn-Teller effect in 
this series results in a longer-than-average baseline for the Cu…S distance, our study has shown 
that various 2- or 3- substitutions on pyridine can stretch this distance well beyond any reasonable 
chemical bond length. This subsequently forces a variety of crystal structures, and potentially 
leaves the copper(II) center open to replacement by solvent coordination or chelation by donor 
atoms. 
In assessing the findings of this project, it is important to now return to the seven questions 
outlined in the Introduction section of this paper: 
1. What would be the favored coordination number of the Cu2+ metal center? Copper(II) 
consistently favors the expected J-T distorted octahedral geometry in this series of 
complexes, so long as there is an available donor ligand. This donor is typically thiocyanate 
sulfur. Coordination geometries that varied from an essentially octahedral mode involved 
(a) sterically encumbering pyridine ligands, in the cases of the C4v monomers 3, 18, and 
19, (b) coordination to solvent MeOH, as in the novel 5-coordinate complex 2a, or (c) in 
the case of 16, unusual deprotonation of a MeOH to create a methoxy-bridging dimer. 
2. Would the coordination geometry be cis or trans? Even more universal than J-T distorted 
behavior in this series is the trans geometry exhibited by all the species studied. In many 
metal complexes, electron-donor ligands tend to be oriented trans to acceptor ligands in 
what is called the “trans effect”. In this series of compounds, however, no trans effect is 
present, making the invariantly trans geometries observed in our crystal structures 
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somewhat perplexing. At the same time, both thiocyanate and pyridine exhibit mild π-
acceptance behavior, which may account in some part for how they orient with respect to 
each other. 
3. Would thiocyanate favor bonding monodentate to copper along S or N, or would bridging 
linkage be favored? Thiocyanate bridging is observed in some capacity in nearly all the 
complexes studied. However, Cu–N is undoubtedly the primary linkage; Cu–NCS bond 
lengths in this series are all nearly 2.0 Å, contrasted with an average Cu–SCN bond length  
of greater than 2.8 Å. In every case where thiocyanate is truly monodentate to the copper 
center, it binds through the nitrogen atom. This is well explained by HSAB, which 
generally predicts that copper(II), which is of intermediate hardness, should favor the 
harder nitrogen end of thiocyanate over the relatively softer sulfur. 
4. Would Jahn-Teller (J-T) distortion be consistently observed? J-T distortion is observed in 
all the octahedral complexes studied, and in this series it is always of the “z-out” type, 
resulting in elongated Cu–S or Cu–O bonds. 
5. Would the tendency of thiocyanate to bridge metal centers consistently result in network 
formation? Network formation and thiocyanate-S bridging were highly consistent across 
the studied complexes, with almost every compound exhibiting some form of Cu2(SCN)2 
ring as the core component of a long chain or 2-D sheet network. Again, exceptions to this 
were due to MeOH coordination resulting in isolated octahedra or square pyramids, or 
bulky pyridine substituents apparently preventing network formation between units. 
6. What is the potential for MeOH to coordinate as a ligand in these complexes, and what 
influence might it have on complex or network geometry? Incidences of MeOH 
coordination in general were uncommon, with copper(II) clearly favoring thiocyanate 
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bridging. However, as noted above, MeOH coordination had significant structural impact 
where it occurred. Although it is difficult to draw a direct correlation between pyridine 
substituents and whether a complex would coordinate to MeOH in solution, it is true that 
all the species that resulted in coordinated MeOH involved sterically demanding 2- or 3-
substituted pyridines. 
7. Could the relative stability of Cu(II) vs. Cu(I) thiocyanate be assessed in MeOH? It was 
noted that copper(II) thiocyanate solutions in MeOH were thermally unstable, and formed 
insoluble tan CuSCN over the course of minutes at ambient temperature, and over the 
course of days at low temperature. 
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Conclusion: 
 Complexes of trans-[Cu(NCS)2(XPy)]2 can be easily and consistently synthesized by 
reacting copper(II) nitrate, ammonium thiocyanate, and substituted pyridines (XPy) in methanol. 
These complexes form high-quality blue-or-green crystals, are stable at room temperature, and 
exhibit a wide range of network formation that often involves bridging thiocyanate. Cu–S bridging 
has been indicated by both X-ray crystallography and IR spectroscopy. Our assessment of this 
series of compounds, which includes no less than twenty novel structures synthesized over the 
course of the project, has provided a number of insights into the characteristics of copper(II)-
thiocyanate bonding in an XPy ligand environment. Although thiocyanate ligands primarily bind 
to copper(II) through nitrogen, a variety of long Cu–S interactions have been observed, most 
commonly resulting in the formation of Cu2(SCN)2 dimers that create long chains of edge-sharing, 
Jahn-Teller distorted octahedra, or 2-D sheets of CuSCN chains. In addition, this series of 
complexes included a number of structures involving coordinated MeOH, such as in the case of 
several octahedral trans-[Cu(SCN)2(XPy)2(MeOH)2] species, the square-pyramid monomer trans-
[Cu(SCN)2(2-MePy)2(MeOH)], and the unique methoxy-bridged dimer trans-[Cu(SCN)2(µ-
OMe)2(2-NH2Py)2]. Use of the bridging ligands 4,4ʹ-bipyridyl (Bpy) or pyrazine (Pyz) in place of 
substituted pyridine results in similarly stable complexes with crystal structures of cross-linked 
trans-[Cu(NCS)2(LL)] sheets. 
 Ease of synthesis, thermal stability, consistency with theoretical principals, and diversity 
of crystal structures make trans-[Cu(NCS)2(XPy)2] an excellent potential subject for university-
level laboratory instruction in inorganic synthesis and crystallography. Moreover, this project 
offers an overview of several relevant components: copper(II), thiocyanate, and pyridine- in the 
continued scientific investigation of metal-organic frameworks and copper-ligand interactions. 
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